The quantitative accuracy of images generated with mixed turbo spin echo (mix-TSE) pulse sequence and model-conforming quantitative algorithms is tested experimentally with a multi-sample phantom. Quantitative T1 and T2 accuracy within a few percent is demonstrated for samples representing tissues with MR relaxation times spanning the full T1 and T2 biologic ranges, with the exception of T2 measurements of simple fluids with very long T2 relaxation times. To correct this problem, a simple approach based on the known proportionality T1 μT2 exhibited by simple fluids is proposed. The results show that the mix-TSE pulse sequence can be used to generate accurate and high quality quantitative image sets with large anatomic coverage and near isotropic high spatial resolution. In conclusion, the mix-TSE pulse sequence could become a valuable tool for clinical applications of quantitative MR imaging.
INTRODUCTION QUANTITATIVE MRI PRINCIPLES
Most MR images generated with current techniques are qualitative in that pixel values contain a mixture of information stemming from both image tissues and experimental conditions used during the scan (examples of this are receiver gain and coil sensitivity). The defining aspect of quantitative image information, as opposed to qualitative image information, is that quantitative pixel values do not contain superfluous experimental information and are therefore primarily tissue specific. Since the advent of MRI, quantitative MR images, often called maps, representing a large number of tissue properties have been generated, principally including images of proton density (PD) (Ref. 1 , 2 ), longitudinal magnetization recovery time (T1) (Ref. 1), spin-echo transverse magnetization recovery time (T2) (Ref. 2) , flow velocity (Ref. 4 ), and self-diffusion coefficient (D) (Ref. 5 ).
All known techniques for quantitative MR imaging (Q-MRI) consist of the application of at least two MRI scans applied under identical conditions except for the value of one scan parameter that affects the MRI signal in a known form. The relaxation of tissue is modeled with the laws of MRI physics to relate this pulse sequence parameter to the tissue property that the Q-MRI technique seeks to determine. For example, to determine T2, two scans that are identical except for their echo time (TE) values are used. On a pixel-by-pixel basis, Q-MRI information is then computed using an algorithm based on the physics model of the relaxation differences between the measurements performed in the two acquisitions. Using such algorithms, estimates of the specific tissue properties (e.g. PD, T1, T2, etc.) at every pixel are generated, thus leading to the generation of Q-MR images. In summary, a quantitative MRI technique is a multi-phase process that firstly consists in the acquisition of at least two sets of source images directly acquired with a Q-MRI pulse sequence. In the second phase, which is computational, these source images are used as input to a post-processing computer algorithm to generate the Q-MR images. Throughout this paper we will refer to the acquisition pulse sequence and the quantitative algorithms as the Q-MRI pulse sequence and the Q-MRI algorithms, respectively.
CURRENT LIMITATIONS OF Q-MRI
The use of Q-MRI techniques is not widely spread in clinical practice for reasons relating to the practicality of the scanning technique and to the poor image quality many times achieved with these. From a practical perspective, many of the Q-MRI pulse sequences previously used by other researchers are scan time inefficient resulting in lengthy exams. Furthermore, many of the Q-MRI algorithms that have been used by other researchers can generate images with poor signal to noise and/or high incidence of pixel dropout artifacts (i.e. bright spots in random positions) throughout the images.
PURPOSE OF WORK
A pulse sequence known as the mixed turbo spin-echo (mix-TSE), which is practical from a clinical operations standpoint is studied in this work. First, because the mix-TSE pulse sequence employs TSE readouts (Ref. 6 ), the pulse sequence is inherently fast. Second, using the mix-TSE pulse sequence is simple operationally. The mixed scanning principle (Ref. 7 ) combines two multi-echo, inversion recovery acquisitions with different inversion times, thus generating several images per slice with different levels of T1 and T2 weightings. Hence, when properly optimized, the application of a single mixed turbo spin-echo scan can be used to generate enough imaging data to compute Q-MR images representing PD, T1, and T2 with large anatomic coverage and high spatial resolution, yet in a clinically reasonable scan time. Furthermore, when this source imaging data is post-processed with a newly developed type of Q-MRI algorithm known as the model-conforming algorithm (Ref. 9 ), Q-MR images practically devoid of pixel dropout artifacts can be generated. The rationale of modelconforming Q-MRI algorithms is to automatically detect, based on the noise level in the image, the pixels where the physical model is not applicable, such as cortical bone, air, and other non-MR active materials. These pixels representing tissues/materials that are not accurately described by the physics model are set to a predetermined value. In parallel, for pixels that are MR active, Q-MRI values are calculated with the appropriate inversion formula of the physics model. Although this specific Q-MRI technique, mix-TSE pulse sequence analyzed with the model-conforming algorithm, is very promising for the reasons stated above, its quantitative accuracy has not been proven. It is therefore the purpose of this work to examine the quantitative accuracy of mix-TSE/model-conforming algorithm data within the known biological ranges for T1 and T2 using a previously validated technique (mix-CSE / RLSQ) as a reference.
METHODS AND MATERIALS

EQUIPMENT
All images were acquired with a 1.5 T superconducting MR imaging system (Gyroscan ACS-NT Philips Medical Systems of North America) with a maximum gradient of 23 mT m-1 and a maximum slew rate of 105 mT m -1 ms -1 .
Phantom experiments and human studies in the head were performed with standard equipment, the body coil and the head coil, respectively.
A multi-sample phantom was constructed containing solutions with T1 and T2 relaxations varying over the biologic range (figure 1). The list of chemicals in the phantom solutions includes dilutions of gadopentetate dimeglumine (Magnevist), ultrasound transmission gel (E-Z Gel), isopropyl alcohol, glycerol (EM Science), copper sulfate, sodium chloride, and corn oil. 
PULSE SEQUENCES AND COMPUTER ALGORITHMS FOR PD, T1, AND T2 Q-MRI
The mixed conventional spin-echo (mix-CSE) pulse sequence was originally described by in den Kleef and Cuppen (Ref. 7) at a time early in the development of MR imaging when the faster hybrid data acquisition methods used today (FSE and TSE) were not widely available. Hybrid scanning methods are faster because several lines of Fourier space data are acquired per pulse sequence cycle (TR). In this terminology, conventional scanning methods represent the limiting case of hybrid methods in which only one line is acquired per cycle.
The mix-CSE pulse sequence is a combination of two multiecho pulse sequences that are applied in tandem after a 180-degree inversion pulse (see figure 2A ), resulting in a single MRI scan (with the same receiver gain) with which images of several T1 and T2 contrast weightings and identical pixel positioning are generated. When the mixed scanning principle is combined with a conventional data acquisition scanning method, scans result that are not clinically practical from the perspectives of scan time and anatomic coverage. Such limitations can be overcome by implementing the mixed principle together with the fast or turbo spin-echo principle as illustrated in figure 2B , which greatly increase the scan time efficiency. For example, the mix-TSE pulse sequence of interest in this work can be used to generate PD, T1, and T2 Q-MRI data sets of a human head, with full and gapless anatomic coverage (80 slices, 2.5 mm thickness, NSA = 1), in approximately 10 minutes with a standard clinical MRI scanner. The pulse sequence parameters used in this validation study with phantoms are slightly different (see table 1 ) but do illustrate the increased scan time efficiency of the mix-TSE pulse sequence. Table 1 : Pulse sequence parameters used in validation study with phantoms. Note that NSA = 2 was used thus lengthening the overall scan times by a factor of two. Use of NSA = 2 is not necessary in clinical applications of the mix-TSE such as the head scan described in the text above.
The original work by In den Kleef and Cuppen (Ref. 7) also involved the use of a type of Q-MRI algorithms, which these researchers named RLSQ algorithms, combining pixel value ratio and linear squared fitting operations. These algorithms, which are standard in the software of the MRI equipment used (Gyroscan ACS-NT, Philips Medical Systems of North America) and whose accuracy has been validated by others (Ref. 8 ), were also used to compute T1 and T2 Q-MR images. In summary, a total of six Q-MR images per slice were studied as listed in table 2. 
DATA ANALYSIS METHODOLOGY
According to MR theory, T1 is a much better defined quantity than T2 because the T2 decay of the signal can be influenced not only by the refocusing RF pulses, but also from signal interference effects, which increase for increasing voxel size. In other words, T1 is approximately independent of voxel size and of pulse sequence type used (gradient spin-echo vs. turbo spin-echo). Furthermore, since the mix-CSE RLSQ has been previously validated quantitatively, in this work the RLSQ CSE T1 data is used as the parametric independent variable (i.e. ordinate in all graphs).
Furthermore, analysis for the T2 calculations is also performed using RLSQ CSE T1 as the independent variable. In this way, measurements grouped in different compartments of the T1, T2 plane can be analyzed separately. The T1, T2 plane is naturally divided between physical and unphysical domains by a diagonal line (T2 = T1). The unphysical domain (T2 > T1) refers to the region above the line, which would represent substances in which T2 relaxation occurs at a slower rate than T1 relaxation, thus contradicting NMR theory. According to NMR theory, T1 relaxation and T2 relaxation are both exponential phenomena that occur at different rates, T1 being the slower of the two phenomena. T2 relaxation includes all processes that contribute to T1 relaxation in addition to other signal relaxation phenomena, examples of which are dephasing caused by magnetic field inhomogeneities and also diffusional effects of substances containing magnetic field inhomogeneities. For this theoretical reason, there can be no substances where T2 relaxation is slower than T1 relaxation. Any measurement that contradicts this will therefore be referred to as an unphysical measurement.
The T1 and T2 relaxation data displayed in this work is obtained from region of interest (ROI) measurements that were selected to be as large as possible within each sample area, typically 64 pixels for the small samples and 2200 pixels for the larger samples (see figure 1 ). Source images corresponding to one coronal slice in the phantom are shown in figure 3 . These images represent four acquisitions performed with same mix-TSE scan, which differ in either the inversion recovery time or the echo time, or both. Otherwise, all other acquisition parameters were identical. In addition, these images have different levels of T1 and T2 weightings and therefore are suitable inputs for the T1 and T2 Q-MRI algorithms of interest to this work.
RESULTS
SOURCE IMAGES
QUANTITATIVE ACCURACY
T1 measurements ROI measurements of T1 for the several substances of the quantitative phantom are graphed in figure 4 as a function of the independent variable RLSQ CSE T1. The line of identity represents perfect agreement between any measurements in relation to the gold standard used (RLSQ CSE T1). Clearly, the three techniques agree within the experimental error for substances with T1 values above 200 ms. The agreement between the MC TSE T1 and the reference RLSQ CSE T1 is excellent within the biological range (r 2 &asymp; 1) and shows slightly larger deviations over the full range studied (r 2 = 0.997). For very short T1 values, at the low end of the biological range (i.e. < 200 ms), a small deviation for the mix-TSE/ model conforming algorithm is observed. This deviation is not observed for the RLSQ TSE T1 measurements, which exhibit the same high correlation coefficient (r 2 &asymp; 1) with respect to the reference RLSQ CSE T1 despite the inclusion of low T1 measurements. Also note that although the techniques exhibit systematically larger errors for T1 values at the high end of the biological range, the uncertainty of the measurements as expressed by one standard deviation is approximately technique independent. 
T2 measurements
As before, ROI measurements of T2 for the several substances of the quantitative phantom are graphed in figure  5 as a function of increasing T1 obtained with the reference technique (RLSQ mix-CSE). In the following, this data will be examined by separating measurements that fall into several partitions of the T1, T2 plane. First, the data shows excellent agreement between all three T2 Q-MRI techniques for substances with measured T1 values less than 450 ms and T2 less than approximately 500 ms (see purple lines figure 5 ). In this range of agreement, the correlation coefficients between the three Q-MRI techniques are high (r2 < 0.972) with an exceptional correlation between the MC TSE T2 and RLSQ TSE T2 (r2 @ 1). Furthermore, in this range all T2 measurements exhibit small uncertainties as indicated by the small errors bars. Secondly, in the region defined by T1 greater than 450 ms and T2 greater than approximately 500 ms there is agreement between the three T2 techniques for a few substances, but for most substances large disagreements are observed between the measurements obtained with the TSE techniques in comparison to the corresponding CSE measurements. The T2 TSE measurements of these substances all fall into the unphysical range, as defined above, and exhibit very large error bars (see figure 5 ). 
Image quality
Representative T1 and T2 images obtained with the mix-TSE pulse sequence and the two Q-MRI algorithms (model conforming and RLSQ) are shown in figure 6 below. In agreement with the ROI analysis above, there is excellent visual agreement between corresponding Q-MR images obtained with the two algorithms as shown by the relative image intensities of the several substances in the phantom.
As shown in figure 6 , the dropout artifacts, resulting from the RLSQ algorithm applied to pixels where the NMR model does not apply, can in some instances be severe enough to distort the shape of some features in the image. 
DISCUSSION
Quantitative determination of MR tissue properties (e.g. PD, T1, and T2) on a pixel-by-pixel basis could be important from the stand points of (1) advancing the diagnostic capabilities of MR imaging and (2) standardizing and simplifying clinical MRI operations. Specially promising clinical applications of quantitative MRI are virtual MRI scanning to generate virtual images with any desired contrast weighting and tissue classification in a form analogous to that of X-ray computed tomography (CT) where the use of the Houndsfield scale is standard practice.
Generation of Q-MR images is a two-step process, namely data acquisition with a pulse sequence and image post processing with a mathematical model that is embodied in the Q-MRI algorithm. The accuracy and the quality of the final product, namely the Q-MR image, can therefore be affected by both imperfections in the pulse sequence and by limitations in the algorithms. The purpose of this work was to test a Q-MRI technique for T1 and T2 accuracy that uses the mix-TSE pulse sequence for the data acquisition and model conforming Q-MRI computer algorithms in the image processing phase. From a clinical standpoint, the mix-TSE pulse sequence is attractive because it is very scan-time efficient, thus permitting scans with large anatomic coverage and high spatial resolution. The near isotropic nature of the source imaging data, as illustrated in figure 7 , allows high quality axial and sagittal orthogonal reformations. If Q-MRI becomes standard practice, conceivably the mathematical model could be embedded directly into the Fourier transform image reconstruction algorithm.
The experimental results show that this technique produces accurate T1 measurements within the biologic range. The results also show that T2 measurements are accurate for T2 values of less than about 500 ms, thus covering all known gel-like biologic tissues. On the other hand, the long T2 values of most simple fluids in the human body (e.g. CSF, bile, synovial fluid) could be overestimated with this technique. These inaccuracies and large uncertainties most likely result from using an echo time difference (TE2 -TE1 = 106 ms) that is too short for the observation of significant amplitude decay in data that contains noise. In such a short time, the exponential signal decay of a substance with T2=500 ms is approximately 20% and since the SNR level in the two source images used for quantitative analysis is approximately 10% for each, quantitative inaccuracies secondary to noise in the source images are to be expected. Although scanning with a longer echo time difference could reduce these long-T2 inaccuracies, such an approach is likely to decrease the T2 accuracy for the other non-simple soft tissues exhibiting T2 times of typically less than 100 ms. Another approach for improving the accuracy of T2 measurements of simple fluids is to use the linear relationship that exists between T1 and T2 values of simple fluids. In this form, since the T1 measurements for simple fluids are accurate with this technique, the corresponding T2 values can be easily and accurately determined by a simple multiplication. Such an approach is currently under investigation and the results will be reported separately. 
CONCLUSION
The mix-TSE pulse sequence can yield scans suitable for Q-MRI post processing and are quantitatively accurate for T1 and T2 at the pixel level throughout their respective biologic ranges. The mix-TSE pulse sequence is also clinically practical from the standpoints of anatomic-coverage-to-scantime ratio, spatial resolution, and image quality. In summary, the mix-TSE pulse sequence could become a powerful tool for clinical applications of quantitative MR imaging.
